The main objective of this paper is to achieve a very high lift rotor to take the maximum advantage of the kinetic energy of a slow velocity water flow, which belongs to a lowland river type. Low speed flux and lack of depth are the main obstacles in hydrokinetic operation. The use of a high lift aerodynamic profile and the gain of the rotor number of blades serve to accomplish the task. 
Introduction
Hydrokinetic generation [1] has become a very popular research topic.
Environmentally friendly, this is a type of clean energy capable of operating wherever natural water flow exists [2] . Despite these benefits, hydrokinetics in river operation is a much-unprofited energy due to the size of the turbine, which is limited by the river depth, and the low velocity of the flow [3] . and measurements on the order of several decades are typically required to obtain meaningful statistics on the flow variability [4] . Neary et al [5] presented a study that reviews mean velocity and turbulence intensity profiles reported in the literature for open-channel flows to gain a better understanding of the range of current magnitudes and longitudinal turbulence intensities that these technologies may be exposed to. They compare 47 measured vertical profiles of mean current velocity and longitudinal turbulence intensity (normalized by the shear velocity)
that have been reported for medium-large rivers, a large canal, and laboratory flumes with classical models developed for turbulent flat plate boundary layer flows. The comparison suggests that a power law and a semi-theoretical 5 exponential decay model can be used to provide first-order approximations of the mean velocity and turbulence intensity profiles in rivers suitable for current energy conversion. In the same paper Neary et al [5] also shown the effect of river depth variation on the vertical location and size of the energy capture area for the deployment scenarios considered. In the present work, a 2 m/s nominal water velocity [6] and around 10 m deep has been chosen to validate the proposed methodology.
Hydrokinetic technology can be affected by debris, sediment, surface ice, river dynamics (turbulence, current velocity, channel stability), and the interaction of turbine operations with fish and their habitat. The question of turbine operation impacts on the aquatic environment is one of the major issues that will determine stakeholder and permitting agency views toward this new technology [7] .
Positioning the energy capture area closer to the bed would cause undesirable effects, including reducing the available power that can be harvested in the water column, increasing hydrodynamic load asymmetries and turbulence levels, and increasing the risk of strike or fouling by sediments or mobile bed forms [5] .
The majority of the most advanced research in this area corresponds to a marine working condition [8] , where rotors are available to reach 4 to 8 times the common lowlands river depth. In order to fill the gap, a hydrokinetic turbine for riverbed operation is being designed by the authors. Fluid dynamics studies of this turbine rotor are presented in this work. Starting out from a high efficiency tested hydrofoil [9] for geometry creation, the rotor hydrodynamic behaviour [10] at turbine working operation is studied in a river section. The study also takes into account the input conditions of a standard large-medium sized lowland river. The 6 structural study of this rotor [11] , engineered in composite materials, allows low inertia and functionality at low speed currents from fluvial beds.
Hydrofoil and Rotor
The basis of any machinery design is to obtain power. Obtaining this power ( ) is directly proportional to the machine's operating angular speed ( ) and torque ( ) produced at that specific speed, as shown in Eq.(1),
•
Torque and angular velocities are achieved by the hydrofoil's lift forces. If more lift is obtained by one blade, more torque and angular velocity will be obtained.
This commitment is achieved by selecting the S1223 foil [12] , which belongs to the high lift low Reynolds profiles class (see Fig. 1 
from the University of Illinois

Urbana-Champaign Airfoil Coordinates Database). Initially designed as an airfoil
for air working conditions, the S1223 profile has also been tested by the authors as a hydrofoil under water conditions operation [9] .
Analytical Design
Previous hydrokinetic rotor studies
The benefits of multi-blades rotors (more than three blades) relative to axial flows is that they have self-starting capabilities [13] [14], and offers a better power-dimensions ratio. These benefits, combined with the profile S1223 serious problems with the pressure distribution along the entire wingspan. In Figure 5 it is possible to observe how the lower surface has negative pressures near the axis, and the upper surface loses suction capacity in the periphery area.
All greatly compromises the fluid dynamics stability of the rotor, relegating it into a non-optimal situation.
From experience and results obtained with different rotors, an eight-bladed rotor with S1223 hydrofoil profile is adopted. The proposed rotor keeps the proper balance between the lift and drag that the S1223 profile provides, and maintains an attached flow in the hydrofoil neighborhood (verified numerically). In consequence, this rotor has a better pressure distribution and presents hydrodynamic stability, preventing interference with the rest of the hydrofoils forming the rotor.
Proposed hydrokinetic rotor design
For turbine application, hydrofoil must be designed starting from the premise that it has to maintain fluid mechanics parameters (such as angle of attack, homogeneous pressure distribution, etc.) along the whole wingspan, despite the 8 fact that rotary operating conditions produce different linear velocity of rotation ( ) along the blade axis (which gets higher the nearer the point is from the wingtip).
Working with this condition involves the variation of the blade geometry parameters (like camber angle, airfoil chord, etc.) in relation with the wingspan axis. Figure 6 shows the notation used for angles and velocities on the blade profile, where is the absolute flow velocity, represents the blade's linear rotational speed and is the relative flow velocity.
The angle of attack  is an aero-hydrodynamic angle, defined between and the airfoil chord, and depends on the airfoil profile and its camber angle . Instead, camber angle  represents a mechanical angle, defined between the hydrofoil chord and its plane of rotation. By combining hydrodynamics and mechanical angles, a conceptual type of angle appears: the sustentation angle ( ), which is very useful to obtain the variating camber angle in a rotating blade.
Parameters involving the use of a S1223 profile working as a non-twisted, nonrotatory and unturbined designed hydrofoil are carried out by [9] . The suitable angle of attack occurs at the optimum angle of attack α 10 ∘ , which is considered as a starting parameter of the design sequence; it involves lift coefficient 2.2 and drag coefficient 0.046. Lift coefficient can raise until it reaches its maximum at 15 ∘ , but beyond that angle, detachment of the boundary layer will happen, dropping lift coefficient and increasing drag coefficient enormously [15] .
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The Tip Speed Ratio (TSR or λ) is a non-dimensional parameter that is defined by taking the relationship between the absolute axial flow velocity (river flow) and the blade speed (turbine rotor), and it is given by
According to Betz´s law [16] (Eq.(10)), turbine mechanical power, specified for axial turbines (see Eq. (3) below) depends on the flux density () and flow speed ( ); both values are fixed by the river flow, and so these parameters are fixed as initial conditions and will not be modified during the process of the rotor design.
According to this, rotor nominal power is established in 30 KW, and is computed
The swept area ( ) is the unique variable in Eq. (3), and it depends on the radius (R) of the rotor.
As stated in Section 1 a medium/large-sized river with water velocity ≅2 ⁄ and around 10 deep is used for the analysis. Based on these parameters, a standard hydrokinetic rotor turbine with a radius 2 ( Fig. 7) , will be capable of operate in the majority of the many lowland riverbeds with a minimum of 10 of deepness and a minimum of 2 ⁄ of flow velocity. Angular speed of 20 ⁄ implies a 1.8, which satisfies the standard TSR values for multiple bladed rotors [17] .
Despite the rotating condition, it is necessary to maintain the angle of attack along the wingspan; this scenario permits to keep the rotor's fluid dynamic stability.
These commitments are accomplished by varying the geometry parameters of the hydrofoil (chord and camber ( , )), along the wingspan (see Table1) . To achieve this goal the Blade Element Theory is used; according to Froude [18, 31] , the airfoil´s total longitude ( ) is split in several sections, and each one is designed individually as (Fig. 8 ). Sustentation angle (Fig.6 ) is obtained by means of Eq.
(4), as follows:
The chord of the airfoil is therefore computed for each segment ( ) by
where is the actual number of airfoils in the rotor, c is the lift coefficient corresponding to a defined profile section at a certain radius , and the airfoil shape factor can be computed by a curve approximation given by
In Eq. (6) the non-dimensional parameter is given by
As a result of the chord modification during the process by Eq. (5), the initial attack angle ( ) has to be recalculated too through Eq. (9), obtaining a new angle of attack for each chord ( in each section ( ). For this recalculation, the parameter, which represents a relationship between the wingspan and the average of the chord ( ,) is necessary, ⁄
As the camber and the chord have been modified for each wingspan segment the angle of attack must be verified for each section through the following expression:
Solving from Eq. (2) to Eq. (9), the airfoil parameters are obtained as shown in Table 1 .
Parameters in Table 1 allow the definitive design of the turbine blade as depicted in Fig. 9 .
Blade parameters are strictly germane with the rotor composition through Eq. (10), which represents the ideal number of blades ( ) presents in the rotor (according to flow and geometry parameters). The higher the number of blades present in the rotor, the higher the torque obtained will be. This condition also simplifies the starting of the turbine, ergo is a good design requirement, to have the more possible number of hydrofoils in the rotor.
3. Numerical 3D simulation
Model geometry
Bidirectional interaction between river and turbine is not studied in this work, so future study of the consequences in the river's behaviour at turbine working operation is proposed. As this work studies the turbine's behaviour in river motion, an ideal representation of the working operation is represented. The model is a confined fluid domain rendering the underwater operation without free surface. The 8-hydrofoil rotor is located inside a control volume that is made from a box of 8.5m x 12m x 8.5m, as shown in Fig. 10 . These dimensions are chosen because a steady flow is needed at the boundaries of the box. Flow with direction will cross from the inlet surface to the outlet surface. Wall condition is
given for the rest of domain surfaces.
Governing Equations and Numerical Approach
Fluid mechanics governing equations for incompressible flows ( ) involves mass conservation condition (Eq. (11)), and Navier-Stokes equation (Eq. (12)):
where is the pressure, is the velocity field, is the fluid density, is the fluid viscosity, and is the gravitational acceleration value.
Notice that this governing system is constituted by four equations and four unknowns, which are pressure and the three vector components of the field velocity; so numerical techniques are necessary for this treatment and, in this employs is decided by the user through a tolerance. Also there are classical turbulence models (e.g. Ref. [23] ) that use to solve the smaller unresolved scales.
In fact, FEVMS uses the finite element space grid of the mesh to solve the resolved scales. So with a very small space grid and a fine ∆ stabilization, the 13 method is capable of controlling the influence of the smaller scales on the bigger ones, closer to a Direct Numerical Simulation (DNS) (see for instance [24] ), but with the same computational cost as a LES model.
Meshing criteria
The computational domain has a length of 12 m, width of 8.5 m and depth of 8.5m
as shown in Figure 10 . The control volume mesh for the simulation of fluid, as is presented in this paper, was generated from two basic geometries. One such geometry is defined by the limits of the control volume (outer limits in Figure 11 ), and inner limits defined by the finite element mesh used for the structural analysis of the rotor [11] . An 80,000 linear tetrahedral elements [25] [26] mesh is generated. This type of tetrahedron mesh is chosen since it is capable of meshing complex geometries. The mesh is 10 times denser in the vicinity of the rotor, which is where interested in studying the velocity fields, pressure, streamlines, etc. Figure 11 shows in more detail the generated finite element mesh for the control volume and for the complete rotor. From a general point of view it gives the idea of its complexity, because it displays details that are also represented in the finite element discretization. In these details, it is possible to observe the relationship of scales have been taken into account to perform this fluid dynamic analysis.
Boundary conditions and solver usage
The fluid condition involves water density, water viscosity, and a forced velocity field in the inlet surface with a modulus of 2 ⁄ in direction. Flow crosses the control volume to the outlet surface, where a fix pressure condition is given.
Except for inlet and outlet surfaces, all other model surfaces have a No-Slip velocity condition assigned.
The numerical conditions used in this incompressible problem type involves a simulation runtime of 10 , which is needed to achieve steady flow; a solver using a BiConjugate gradient stabilized [27] for the velocity field calculations;
and a Skyline LU factorization [28] Despite the high Reynolds number reached by the blades of the rotor, because of the fluid density, streamlines results display a non-detached flow in the blades of the rotor (Fig. 12c, Fig. 12d ), and also a steady flow all over the studied control volume (Fig. 12a) . Figure 12b manifests the wingtip vortex phenomenon, whose treatment is previewed as a future line.
Achieving nearly 3.2m/s of flow velocity in the upper surface of the hydrofoil (Fig. 13) , and1.4 m/s of flow velocity in the lower surface (Fig. 13) , the phenomena produces relative pressure values of 1600 (
14) in the upper surface, and 3700 in the lower surface (Fig. 15) ; generating a lift capacity corresponding to ∆ 5400 for each blade. Figure 14 and Figure 15 also display a homogeneous distribution of the pressure all over the wingspan axis; this data is relevant in a turbine hydrofoil, whose chord measurement and camber angle are not constant along the blade. It is important to point out that numerical simulation shows no boundary layer detachment, and also displays a smooth and continuous pressure distribution [31] all over the upper and lower surfaces of the turbine blades.
Conclusions
The particular designed eight-bladed hydrokinetic rotor presented in this work Finally, it is important to remark that we consider the CDF procedure enough for fluid dynamic designing and for analysing viability of the hydrokinetic turbine proposed. Moreover in this analysis a "weak-coupling" fluid-structure (FSI) has been considered. This interaction allows reaching the previous structural design proposed by the authors. Also this procedure gives feasibility to our hydrokinetic turbine rotor improved by the high lift hydrodynamic profile.
